Aluminium is one of the lightest and most abundant solid elements on earth, and has therefore attracted much attention for weight-conscious applications. In its pure elemental form, aluminium is a soft and malleable metal which is poorly suited to applications where strength is required. However, for more than a century, the inclusion of small quantities of alloying agents (in particular, magnesium and copper) has been shown to favorably modify aluminium's strength and hardness 1, 2 . Whilst the initial development of aluminium alloys was driven by the need for light but strong airframes for lighter-than-air flight 3 , aluminium alloys soon attracted attention for a wide range of weight-restrictive applications, including heavier-than-air flight, high performance motor vehicles, bicycles, and space vehicles. Very early on, aluminium alloys such as duralumin were also employed in medicine, notably as surgical splints and implants 1, 4 , where not only their weight and strength were important, but additionally, their low atomic number did not hinder diagnosis using the emergent X-ray radiographic techniques of the time 5 . Whilst radiology has developed dramatically over the last century, aluminium alloys are still of central importance; not only is their weight-tostrength ratio important, additionally their non-magnetic nature makes them well suited to high-field environments such as magnetic resonance imaging 6 .
Whilst the alloying of aluminium began over a century ago, the parameter space is enormous and time consuming to explore. The wide choice in alloying agents (i.e. Cu, Mg, Mn, Si, Sn, Zn, Fe, Cr, V, Ti, Bi, Ga, Ge, Pb, Zr, Sc, and countless combinations thereof), mechanical processing treatments (i.e. deformation and work hardening) and thermomechanical treatments (i.e. heating time and rate, quenching and thermal cycling) all play an important role in the complex mechanisms responsible for the physical properties of the alloy. For example, in wrought alloys which have small amounts of Mg and Si as the main alloying agents (also known as 6000-series, or 6xxx, alloys) the strength has been shown to increase as a result of the aggregation of nano-sized metastable precipitate needles during age hardening, where the strength of the material usually peaks when the majority of the needles are of the so-called 00 type.
advantageous for electrochemical applications and for corrosion resistance 10 . An extreme example of surface migration causing corrosion resistance is the formation of graphene from bulk impurities on a range of reactive metal surfaces 11, 12 , giving rise to a single-atom-thick inert and corrosion resistant coating with a broad range of potential applications 13, 14 . It is therefore interesting to understand which bulk species agents migrate towards the surface and/or grain boundaries of the material and the thermal dependency of these mechanisms.
In this study we utilise experimental techniques based on photo-electron emission to study the migration of alloying agents during in situ thermal annealing. Specifically, we use X-ray photo-emission spectroscopy (XPS) and photo-emission electron microscopy (PEEM), supplemented by low energy electron microscopy (LEEM). These techniques are very surface sensitive 15, 16 and are well suited to the study of light elements 17 and the spatial distribution of minority species 18 , thus they are ideal for revealing the dynamics of surface migration in aluminium alloys.
A 4 kg cylindrical billet of an Al-Mg-Si-Li mix was cast and homogenized for three hours at 575 C before being air cooled to room temperature. The billet was preheated to about 540 C before extruding it as a round profile with a 20 mm diameter (for further details of the heat treatment, see Ref. 19 ). The abundance (atomic %) of the alloying agents in the Al-MgSi-Li alloy was measured by inductively coupled plasma optical emission spectroscopy and found to be 0.423(5)% Si, 0.322(3)% Mg, 0.101(1)% Li, 0.097(1)% Fe and 0.015(1)% Mn. A 1 mm thick disk was cut perpendicular to the extrusion direction and further machined to a square of 10 ⇥ 10 mm 2 . The sample surface was polished with grade 4000 SiC paper prior to electro-polishing (using an electrolyte consisting of 70% ethanol, 10% 2-butoxyethanol, 8% perchloric acid and 12% distilled water). Samples were then introduced into an Ultra High Vacuum (UHV) chamber where XPS or PEEM/LEEM measurements were performed.
Prior to measuring, samples were further cleaned in situ in UHV by su cient cycles of Ar + bombardment to remove the surface oxide. Additional in situ annealing was also carried out, and is detailed below. XPS measurements were performed both using a home Mg-k↵/Al-k↵ XPS instrument, and at the Soft X-ray endstation at the Australian Synchrotron 20 . For the PEEM/LEEM measurements we used the SMART instrument at the synchrotron light source "BESSY-2" of the Helmholtz-Center Berlin for Material and Energy (HBZ) 21 .
Following the in-vacuum preparation and annealing to 200 C (for 5 min.), an XPS survey of the sample was conducted. Fig. 1a) shows an overview measurement which is dominated by the Al 2p and 2s core levels peaks and their rich plasmon loss structures. Small O 1s, Ar 2s and Ar 2p core levels peaks are also indicated in the spectra and are present as a result of Ar + sputtering and incomplete oxide removal. Using the assumption that the oxide is surface localised, this peak intensity corresponds to an oxide thickness of 0.1 nm. However, it is also conceivable that some of the oxide detected is dissolved in the bulk alloy, or has migrated to grain boundaries. If this is indeed the case, then the above assumption that the oxide is localised at the surface would result in an overestimation of the surface oxide thickness.
Detailed 1s core levels of Al, O, Si, Mg and Li were also collected using a range of photon energies ( Fig. 1b-f ). The photon energy was selected such that the kinetic energy of the escaping photo-electron was ⇡140 eV for each acquisition, thus maximising the surface sensitivity. 1s (singlet) core levels, lacking plasmon loss structures, were acquired to facilitate improved modeling; for each dataset, the core level peak has been modeled as Voigt contributions atop a Shirley background. As can be seen in the figure, the agreement between the model and measurement is excellent.
The measurements and peak analysis presented in Fig. 1 allow a quantitative understanding of the species present near the sample surface (i.e. within ⇡1 nm). This is exemplified by the Li 1s core level, which is below the detection limit, thus indicating that a negligible amount of Li is localised at the surface. Unlike Li, the alloying agents Si and Mg are both present with detectable and significant abundances (⇡ 2% and 5%, respectively). In other In order to observe the thermal dependence of the segregation, we have performed similar measurements and analysis following annealing for 5 min. to a wide range of temperatures (from 25 C to 500 C) 22 . Fig. 2 shows the abundance of surface Mg, Li and Si (plotted relative to Al) as the annealing temperature is increased. For low temperatures (i.e. upto 120 C), the surface abundance of all three alloying agents is below the detection limit (consistent with the bulk concentrations). In the range 150 C to 450 C, Mg and Si migrate to the surface, with a maximum surface abundance of Mg 19.7% and Si 13.3% observed at 280 C.
At higher temperatures, Mg completely redissolves into the bulk, with Mg ! 0% at 450 C and Si partially redissolves with Si ! 6.0% at 500 C.
The thermal migration of Li is somewhat di↵erent; below the relatively high temperature of 300 C, no surface Li is detected. Above this temperature, Li migrates to the surface extremely readily, resulting in a surface abundance of 45.3% (relative to Al) -an astounding amount considering that the initial bulk concentration was only 0.1%. Above 400 C, the surface abundance of Li is somewhat reduced, but still remains very high.
In order to understand the spatial distribution of the alloying agents at the surface, LEEM and PEEM were used. Bright-field LEEM images were collected using SV =5.5 eV, where SV is the 'start voltage', or potential of the sample relative to the incident electrons. This allows the polycrystalline nature of the material to be clearly observed; in Fig. 3a) we show such an image in which a grain boundary triple-point is visible. Micro-di↵raction patterns were collected from the three grains, and reveal that they are all close to {100} orientation, but individually tilted with respect to the sample surface; i.e. forming a pyramid-like geometry.
As with the XPS measurements presented above, the LEEM/PEEM allows in situ control of sample temperature. Measurements were made following a range of thermal annealing steps -as described for the XPS experiment. Fig. 3b shows an image formed using photoemitted electrons; both the photon energy h⌫ and kinetic energy E K of the emitted electron can be selected such that a particular binding energy E B is probed (E B = h⌫ E K ).
Since E B is element specific, this allows chemical-sensitive mapping and spectroscopy to be performed. In Fig. 3 we focus on the 400 C annealing step; according to the XPS study, this corresponds to a temperature at which Li, Mg and Si are abundant at the surface (Fig. 2) . A large series of PEEM images were formed using constant photon energy (h⌫=150 eV) whilst SV is incrementally increased (equivalent to sweeping E K ), thus each image is sensitive to an incrementally di↵erent E B (in the range E B =40 to 65 eV). From such a dataset, it is straightforward to extract either a spatial image of a particular E B (i.e. Fig. 3b, upper panel), or to extract spectral information (i.e. intensity of emitted electrons vs. E B ) for a specific position within the image (i.e. Fig. 3b lower panel) . The two images we present in Fig. 3b correspond to the Li and Mg core-levels. Whereas the image formed using the Li 1s peak has high intensity relatively uniformly distributed across the surface, indicating that Li is ubiquitous, the image formed using the Mg 2p peak shows very high intensity specifically at the grain boundaries. This observation is additionally supported by the spectroscopic measurements: the lower panel shows that large Li and Mg peaks are observed at the grain boundary intersection (yellow data and yellow circle), whereas away from the boundaries, a similar quantity of Li is present but Mg is much reduced (cyan data and cyan circle).
We therefore infer that, whilst these alloying agents both migrate to the surface during annealing, the mechanism is somewhat di↵erent; Mg is predominantly observed at the grain boundaries, whereas Li is ubiquitous.
A close observation of the Li 1s and Mg 2p intensity maps reveals some bright and dark spots at the grain boundary. Interestingly, these regions correlate to regions of increased oxide, and probably indicate the presence of small inclusions of Mg and/or Li oxides at the grain boundary.
In order to observe the redissolving of alloying agents from the surface, we have also conducted XPS measurements at the melting temperature. In Fig. 4 , XPS measurements are shown after melting (which was observed at 550 C), and are compared with measurements from the initial (not annealed) surface. Not surprisingly, the Mg is essentially absent.
Already prior to melting, the Mg surface concentration was observed to return to its initial value of ⇡0 (see Fig. 2b ), indicating that the Mg was fully redissolved at high temperatures prior to melting. In addition to this, the surface abundance of both Li and Si also reduce after melting. In Fig. 2b , significant concentrations of both Li and Si were observed at T=500 C (i.e. just below the melting point) -however on melting, the concentrations return to their initial values of ⇡0. In fact, after melting, the only core level observed in Fig. 4 is Al 2p. One can also observe that, whilst the total area of the Al 2p core level is not significantly changed, the high binding energy shoulder (E B ⇡ 77 eV) has grown into a more distinct peak. This component corresponds to oxidised aluminium; this oxidation has occurred during the melting experiment and may simply be due to a worsening of the base vacuum when melting the sample (p ⇡ 5 ⇥ 10 9 mbar), or may be due to bulk dissolved oxygen migrating to the surface. Although the oxide component is large compared to the initial surface, it is worth restating that these measurements are especially surface sensitive.
In fact, this oxide component corresponds to a surface oxide layer only 0.37 nm thick (c.f.
nm initially).
In conclusion, we have demonstrated that the combination of XPS and LEEM/PEEM is a powerful approach for studying the surface migration of alloying agents during in situ annealing at a wide range of temperatures from room temperature to melting at 550 C. Surface sensitive XPS, LEEM and PEEM measurements reveal both spectroscopic and spatial Li also return to their initial values, either due to redissolving into the bulk, although loss of Li via evaporation is also a possibility. PEEM/LEEM measurement further reveal that the surface migration is not the same for all species; Mg migration is dominated by grain boundaries whereas Li is observed across the entire surface. Since the abundance of each species at the surface/grain-boundary follows its own temperature dependence, we speculate that it will be possible to control the surface termination of these alloys by careful control of the annealing temperature. More specifically, susceptibility to inter-granular corrosion is reduced when the grain boundaries are enriched by Mg 23 . Thus it should be possible to find the maximum corrosion resistance for Mg-based alloys by optimising the Mg concentration at grain boundaries using the annealing temperature. Determining when the alloying agents have di↵used to the surface during annealing can alter the physical properties of the material to a large extent. The Si:Mg ratio within the grains will be influenced by surface migrations, and is very important for the formation of the nanosized precipitate phases during hardening. Low Si:Mg ratios typically suppress the formation of the phases promoting strength, and the alloy becomes softer than in regions with higher Si:Mg ratios 24 . Li depletion also leaves less solute available for the precipitation of hardening phases, rendering the material softer than in regions with more Li 8 . By documenting at which temperature Li depletion occurs, this e↵ect can readily be avoided. We conclude that in situ annealing and surface sensitive photo-emission methods are able to provide a wealth of information on the migration of alloying agents in solid light metal alloys such as Al-Mg-Si-Li, which will be important for thermomechanical treatments intended for optimising the physical properties of the alloys, and will give essential information for tailoring new alloys. Although the functional form of the cross-section may be more complex at low photon energy, the high energy tail can be well approximated as an exponential decay. This is evident in Fig. 5 , where the 1s cross-sections are plotted for elements z =3 to 14 (Li to Si).
For z =3 to 12 (Li to Mg), the cross-sections from Refs. 25 and 26 are plotted (dashed lines) for the energy range h⌫ < 1500 eV. These plots are overlaid by simple exponential decays for the energy range h⌫ =1000 to 2500 eV, by thick solid curves of matching colour. In the range h⌫ =1000 to 1500 eV, both the calculated cross-section and the exponential decay co-exist. As can be seen in the Fig. 5 , the match is extremely close and the thick trace of each exponential decay sits directly on top of the underlying dashed line.
In Fig. 5 , we have chosen to plot the exponential decay in the form:
where z is the atomic number, z is the cross-section and y 0,z , A z and ⌧ z are element specific constants found by fitting the exponential function to the literature cross-sections (in the energy range h⌫ =1000 to 1500). The extracted values of y 0,z and A z and are tabulated in 1s orbital of heavier elements. Instead we observe that y 0,z and A z both follow a power-law dependence with z, i.e. y 0,z / z n and A z / z m . This makes it straightforward to extrapolate the coe cients in table I for z =13 and 14, and so to estimate the 1s high-photon-energy photo-ionisation cross-section for elements z 13, which are not included in Ref. 25 . This extrapolation method is consistent with the related study by Verner and Yakovlev 27 . 
